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Introduction
Lucus Planum, extending for a radius of approximately 500 km around 181
• E, 5
• S, is part of the Medusae Fossae Formation (MFF), a set of several discontinuous deposits of fine-grained, friable material straddling across the Martian highland-lowland boundary (e.g. [e.g. Carter et al., 2009] ).
The MFF covers an extensive area, spanning latitudinally more than 1000 km and longitudinally some 6000 km. It is separated into several discontinuous lobes (Fig. 1 ).
The lobe that occupies the central part of the Medusae Fossae Formation is known as Lucus Planum [e.g. Kerber et al., 2011] (or alternatively, lobe B [Harrison et al., 2010] .
In the recently revised global geologic map of Mars [Tanaka et al., 2014] two units make up Lucus Planum, namely the Hesperian and Amazonian-Hesperian transitional units (respectively Htu and AHtu) ( Fig. 1 ) [Tanaka et al., 2014] .
The MFF has been variously hypothesized to consist of pyroclastic flows [Scott and Tanaka, 1982; Mandt et al., 2008; Bradley et al., 2002] , pyroclastic airfall [Tanaka, 2000; Hynek et al., 2003; Kerber et al., 2011] , paleopolar deposits [Schultz and Lutz , 1988] , or atmospherically-deposited icy dust driven by climate cycles [Head and Kreslavsky, 2004] .
A branching positive relief system within Lucus Planum was interpreted by Harrison et al.
[2013] as an ancient fluvial system originating from seepage sapping, implying that Lucus Planum was volatile-rich. The MFF shows evidence of a complex history of deposition, erosion and exhumation of both landforms and deposits [e.g. Kerber and Head , 2012] .
Both erosional and depositional landforms are visible at different stratigraphic levels, resulting in complex morphologies.
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Two sounding radars have been flown on Martian missions: MARSIS [Picardi et al., 2005] and SHARAD [Seu et al., 2007] . Both instruments are synthetic aperture, low frequency radars carried by ESA's Mars Express and NASA's Mars Reconnaissance Orbiter, respectively. They transmit low-frequency radar pulses that penetrate below the surface, and are reflected by dielectric discontinuities in the subsurface. MARSIS is optimized for deep penetration, with a free-space range resolution of approximately 150 m, a footprint size of 10-20 km across-track and 5-10 km along-track. SHARAD has tenfold better resolution, at the cost of reduced penetration. Parts of the MFF have been probed by both of these sounding radars [Watters et al., 2007; Carter et al., 2009] , revealing a dielectric permittivity of the MFF material that is consistent with either a substantial component of water ice or a low-density, ice-poor material. While the work by Watters et al. [2007] was focused on Lucus Planum, estimates of dielectric properties by Carter et al. [2009] were based on observations over Zephyria Planum, in the westernmost part of the Medusae Fossae Formation, and the area between Gordii Dorsum and Amazonis Mensa, at the Eastern end of the MFF.
The dielectric permittivity of the MFF material [Watters et al., 2007; Carter et al., 2009] is consistent with either a substantial component of water ice or a low-density, icepoor material. There is no evidence for internal layering from SHARAD data [Carter et al., 2009] , despite the fact that layering at scales of tens of meters has been reported in many parts of the MFF [Kerber , 2014] . This lack of detection can be the result of one or more factors, such as high interface roughness, low dielectric contrast between materials, or discontinuity of the layers. [Picardi and Sorge, 2000; Armand et al., 2003; Safaeinili et al., 2007; Mouginot et al., 2008; Zhang et al., 2009; Smirnov and Yushkova, 2013; Campbell and Watters, 2016] . Data used in this work have been processed using the methodology described by Cartacci et al. [2013] , which consists in the maximization of the signal power in an interval centred around the strongest echo through the differential variation of the phase of the components of the Fourier signal spectrum.
MARSIS data acquired continuously during the movement of the spacecraft are usually displayed in the form of radargrams, grey-scale images in which the horizontal dimension is distance along the ground track, the vertical one is the round trip time of the echo, and the brightness of the pixel is a function of the strength of the echo (ref. to example in features, such as craters or mountains, and reaching the radar after the nadir surface echo. As clutter can dwarf subsurface echoes, numerical electromagnetic models of surface scattering have been developed [see e.g. Nouvel et al., 2004; Spagnuolo et al., 2011] to validate the detection of subsurface interfaces in MARSIS data. They are used to produce simulations of surface echoes, which are then compared to the ones detected by the radar:
any secondary echo visible in radargrams but not in simulations is interpreted as caused by subsurface reflectors (Fig. 3) .
To analyse clutter, a code for the simulation of radar wave surface scattering was developed, based on the algorithm of Nouvel et al. [2004] . The MOLA topographic dataset [Smith et al., 2001] the determination of the time delay is assumed to be the one-way delay resolution (or 0.5 µs, corresponding to 150 m free-space), while the uncertainty in echo power is considered to be below 0.5 dB because of the interpolation.
Results
A total of 97 subsurface reflectors were identified, extending along track over distances up to 500 kilometres. Their distribution across Lucus Planum is shown in Fig. 4 . In spite of several high-quality radargrams crossing the central part of Lucus Planum, only a handful of subsurface interfaces could be detected there, most of which are shallow, often associated with pedestal craters. Reflectors concentrate in specific areas: the deposits on the north-western flanks of Apollinaris Patera, the rugged terrain North of Tartarus Scopulus and the large lobe located North-East of Memnonia Sulci. The contours of these areas follow closely morphologically distinct provinces within Lucus Planum, which suggests that variations in surface morphology could be tied to changes in the material forming Lucus Planum. These areas are outlined in Fig. 4 and labelled "A", "B" and "C", respectively. Figure 4 shows the apparent depth of reflectors, estimated from the measured round-trip time delay between surface and subsurface echo by:
where z is depth, c the speed of light in vacuo, τ the round-trip time delay between surface and subsurface echo, and ε is the real part of the relative complex permittivity (also called dielectric constant) of the Lucus Planum material. The apparent depth z a was computed assuming that ε is equal to 1, corresponding to the permittivity of free space:
Apparent depths overestimate the thickness of Lucus Planum by a factor comprised between √ 3 and 3, depending on the nature of the material through which the wave
propagates [Ulaby et al., 1986, Appendix E] .
Estimates of permittivity for the different regions of Lucus Planum provide some insight on their nature and a more precise evaluation of their thickness. Following the approach first presented in Picardi et al. [2005] and used also in Watters et al. [2007] , we produced an independent estimate of the thickness of Lucus Planum assuming that the deposits rest on a surface in lateral continuity with the surrounding topography, and that MARSIS echoes come from such surface. The white contours in Fig. 5 encompass those areas in which MOLA topography was removed, and then interpolated from the remaining topographic information through the natural neighbour method [Sibson, 1981] .
The difference between the actual topography and the interpolated basal topography of Lucus Planum provides an estimate of the depth of the base of Lucus Planum, z i . By inserting z i in Eq. 1, solving Eq. 2 by cτ , and rearranging and simplifying equal terms, we obtain:
from which we see that the slope of the best-fit line in a plot of interpolated vs. apparent depth provides an estimate of √ ε. The resulting plots for areas A, B and C are shown in was computed using the least absolute deviations method [Bloomfield and Steiger , 1983] , which is less sensitive to outliers than the least squares method.
The slopes and constant terms of the best-fit lines in Fig. 6 are reported in Table 1 . For each value, the corresponding 95% confidence interval of the estimate is listed, providing some insight on the quality of the data fit. Table 1 reports also estimates of ε, obtained from the values of slopes and their corresponding 95% confidence bounds through Eq. 3.
From Eq. 3, the value of the constant term in best-fit lines should be zero, different from what is reported in Table 1 . The presence of a constant term indicates a systematic error in the evaluation of z a , z i or both. Because the range resolution of MARSIS is about 150 m in free space [Picardi et al., 2005] , the constant terms in Table 1 correspond to a few range resolution cells. One possible explanation is that the interpolation method failed to provide a correct estimate of the basal topography: because Lucus Planum straddles the dichotomy boundary, the topography beneath it is expected to be complex, affecting the precision of results. Another possibility is a systematic overestimation of the time delay of subsurface echoes in radargrams, perhaps because subsurface reflections are less sharp than surface ones, and the manual determination of their exact position introduces additional uncertainties.
Permittivity is a complex quantity: its real part affects the velocity of an electromagnetic wave, while its imaginary part is related to the dissipation (or loss) of energy within the medium. The ratio between the imaginary and the real part of the complex permittivity is called the loss tangent. Estimating the loss tangent of the material within Lucus Planum provides an additional constraint on its nature and can be used by way of checking on the significance of the values of ε in Table 1 .
The loss tangent over parts of the Medusae Fossae formation was estimated from the rate of decay of the subsurface echo power as a function of time delay by Watters et al.
[ 2007] . Following a similar approach, we assumed that the surface and the subsurface interfaces over Lucus Planum are smooth at MARSIS frequencies, meaning that the RMS height of topography is a fraction of the wavelength, and that Lucus Planum consists only of non-magnetic, low loss material. While a higher roughness would cause only a fluctuation of surface and subsurface power without affecting the mean rate of subsurface power decay with depth, the assumption that Lucus Planum consists of a low loss, nonmagnetic material is validated by previous results [Picardi et al., 2005] , and would result in little or no subsurface interface detections if violated. Under these assumptions, following Porcello et al. [1974] , the surface echo power P s can be written as follows:
with P t the transmitted power, G the antenna gain, λ the wavelength, H the spacecraft altitude and R s the surface Fresnel reflection coefficient at normal incidence. Analogously, the subsurface echo power P ss can be computed through the following expression:
where R ss is the subsurface Fresnel reflection coefficient at normal incidence, f the radar frequency, tan δ the loss tangent of the Lucus Planum material, here assumed to be constant through its entire thickness, while z and τ have been defined in Eq. 1.
OROSEI ET AL.: RADAR SOUNDING OF LUCUS PLANUM By dividing Eq. 5 and Eq. 4, and then taking the natural logarithm of the result, the following expression is obtained:
where K is a term depending on R s and R ss . The topography of Lucus Planum is characterized by a roughness that is not negligible compared to the MARSIS wavelength [see Kreslavsky and Head , 2000; Neumann et al., 2003] . This implies that P s and P ss fluctuate around a mean value that is a function of statistical parameters characterizing the topography, such as RMS height and RMS slope [see for example Ogilvy, 1991] . Under the assumption that such parameters do not vary significantly within each of the three areas A, B and C, then roughness will cause only a variation of the value of parameter K and the addition of a random noise to ln (P ss /P s ) in Eq. 6.
Other factors connected to the internal structure of the Lucus Planum and Apollinaris Patera deposits are unlikely to affect Eq. 6 significantly. A surface layer thinner than the vertical resolution of the radar can generate interferences so as to drastically reduce surface reflectivity, as in the case of the CO 2 layer over the SPLD identified by Mouginot et al. [2009] . However, such coherent effects require a very smooth surface and are strongly frequency-dependent. Both the rougher surface of Lucus Planum and Apollinaris Patera [Kreslavsky and Head , 2000; Neumann et al., 2003] , and the fact that such dependence on frequency was not found in the data seem to rule out the presence of such a layer.
Other material inhomogeneities in the dielectric properties at depths below the vertical resolution of MARSIS would tend to produce surface echoes whose power is dominated by the dielectric permittivity of the layers closest to the surface, as discussed in Grima [2014] . This effect would alter P ss /P s , but it would not change the rate at which this quantity decreases with depth, that is the first term of the right side of Eq. 6.
Random inhomogeneities within the deposits, whose characteristic size is comparable to the MARSIS wavelength, would result in volume scattering, that is in the diffusion of electromagnetic radiation within the deposits away from the direction of propagation.
The diffuse, weak echoes between surface and basal reflections visible in Fig. 2 could be caused by volume scattering, although they could also originate from surface roughness.
Volume scattering cannot be easily characterized from the measure of backscattered radiation, but it would attenuate the subsurface radar echo. This effect cannot be separated from dielectric attenuation, and it would thus lead to a systematic overestimate of tan δ from Eq. 6, which thus constitutes an upper bound for the true dielectric attenuation.
With these caveats, the slope of the best-fit line in a plot of 2πf τ (that is the number of cycles completed by the radar wave within Lucus Planum) vs. the natural logarithm of the subsurface to surface echo power ratio will provide an estimate of tan δ. Such plots for areas A, B and C, with the corresponding best-fit lines, are shown in Fig. 7 . In analogy with the estimation of ε, the best-fit line was computed using the least absolute deviations method.
The slopes and constant terms of the best-fit lines in Fig. 7 are reported in Table 2 .
For each value we report the corresponding 95% confidence interval of the estimate, to provide some insight on the quality of the data fit. Table 2 in area B at hundred-meters scale is comparable to that of area C [Neumann et al., 2003] .
Because the dearth and weakness of subsurface echoes in area B do not correlate with a higher surface roughness compared to areas A and C, we favour the interpretation that, D R A F T April 16, 2018, 10:15pm D R A F T in spite of the large uncertainties, the higher value of the complex relative permittivity in area B is an indication of a change in bulk dielectric properties with respect to areas A and C.
The relative dielectric constant of volcanic rocks such as those thought to constitute the Martian crust is variable, ranging between 2.5 for pumice to about 10 or even higher for dense basalts [Ulaby et al., 1986, Appendix E] . Following a search in the literature and a set of new measurements between 0.01 and 10 MHz, Rust et al. [1999] concluded that the main factor in determining the value of ε is porosity, finding the following empirical relation for dacitic rocks:
where Φ is porosity. Such relation is similar to estimates for other non-basaltic rocks, and holds also for basalts, although with a greater variability due perhaps to Fe-Ti oxide mineral content [Rust et al., 1999] . Modelling the dependence of ε on porosity through Eq. 7, and inverting such equation to obtain estimates of Φ, it is found that the values of ε in Table 1 
Another plausible explanation of the nature of Lucus Planum materials and the Medusae
Fossae Formation in general is that they might consist of ice-rich dust or ice-laden porous rock, although previous estimates of dielectric properties based on radar data proved inconclusive [Watters et al., 2007; Carter et al., 2009] .
The permittivity of a mixture of ice and dust can be estimated using a mixing formula.
Because of the lack of knowledge about the size and shape of pores or ice inclusions in the rock, in the following analysis we selected the general Polder-van Santen model [Polder and van Santen, 1946] . This formula is one of the simplest and yet more widely used, and it has the special property that it treats the inclusions and the hosting material symmetrically; it balances both mixing components with respect to the unknown effective medium, using the volume fraction of each component as a weight:
where f is the volume fraction of inclusions in the mixture, ε h is the permittivity of the host material, ε i that of the inclusions, and ε eff the effective permittivity of the mixture.
Water ice has a relative dielectric constant well within the range of values typical of porous rocks (2-6), while its loss tangent can vary by orders of magnitude as a function of temperature in the range 100-270 K, which is applicable to Martian conditions. Using the empirical formulas presented in Mätzler [1998] and a mean surface temperature of 210 K, typical for the latitudes of Lucus Planum according to Mellon et al. [2004] , it is found that the real part of the permittivity of water ice is ≈ 3.1, and the loss tangent is ≈ 5 · 10 −5 .
We hypothesized that the relative dielectric constant of the rocky component in the Lucus
Planum material could range from 7 to 15 [Rust et al., 1999] , and that its loss tangent could independently vary between 10 −3 and 10 −1 [Ulaby et al., 1986 , Appendix E]. The
Polder-van Santen mixing rule was then used to model the effective permittivity of all possible combinations of relative dielectric constant, loss tangent and porosity, similarly to the method described in Alberti et al. [2012] .
Comparing the results with the estimated values in areas A, B and C, we found that no mixture of rock and ice could produce a complex permittivity compatible with that of areas A and C. It is possible to obtain compatible permittivity values for these two areas using a three-component mixture, that is rock, ice and void, but the significance of this result, given the weakly constrained multi-dimensional parameter space, is difficult to assess. In the map of water-equivalent hydrogen content for the Martian soil produced
by Feldman et al. [2004] , the Lucus Planum area appears to be relatively water-rich, with a water-equivalent hydrogen content estimated at around 8%. This value however is referred to the first meter of depth, while the dielectric permittivity derived from MARSIS D R A F T April 16, 2018, 10:15pm D R A F T data is an average over the whole thickness of the Lucus Planum and Apollinaris Patera deposits.
For area B, mixtures with an ice volume fraction between 0.3 and 0.9 and a loss tangent for the rocky material comprised between 3 · 10 −3 and 3 · 10 −2 could return a range of permittivity values consistent with estimates. To determine the significance of this result, we also computed the effective permittivity of a mixture of rock and void (empty pores) over the same parameter space. We found that values consistent with those of area B could be obtained for a range of porosity and loss tangent values similar to that of the mixture of rock and ice. We thus conclude that the nature of the bulk material in area B cannot be reliably determined using only the data provided by this analysis.
Area C presents the highest number and density of subsurface detections, and the smallest uncertainty in the estimates of dielectric properties. We therefore inserted in Eq. 1 the value of ε from Table 1 to estimate the thickness of the Lucus Planum deposits in such area, and then interpolated this quantity over area C through the natural neighbour method. The result is included in Fig. 8 , in which the colour-coded thickness is layered on a shaded relief map of Lucus Planum. The deposits are several hundred meters thick on average, locally reaching a thickness up to 1.5 kilometres, for a total volume of ≈ 6.8 · 10 On the other hand, resedimented material so far from the MFF main bodies would not allow for volatiles to be embedded and preserved.
Conclusions
MARSIS acquired 238 radar swaths across Lucus Planum, providing sufficient coverage for the study of the internal structure and dielectric properties of this part of the MFF.
Subsurface reflections were found only in three areas, marked by a distinctive surface mor- 
